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We show that a parity-breaking uniform (averaged over all directions on the sky) circular polar-
ization of amplitude V00 ≃ 2.6×10
−17 ∆χ(r/0.06) can be induced by chiral gravitational-wave (GW)
background with tensor-to-scalar ratio r and chirality parameter ∆χ (which is ±1 for a maximally
chiral background). We also show, however, that a uniform circular polarization can arise from a
realization of a non-chiral GW background that spontaneously breaks parity. The magnitude of this
polarization is drawn from a distribution of root-variance
√
〈V 2
00
〉 ≃ 1.5×10−18 (r/0.06)1/2 implying
that the chirality parameter must be ∆χ & 0.12(r/0.06)−1/2 to establish that the GW background
is chiral. Although these values are too small to be detected by any experiment in the foreseeable
future, the calculation is a proof of principle that cosmological parity breaking in the form of a
chiral gravitational-wave background can be imprinted in the chirality of the photons in the cosmic
microwave background. It also illustrates how a seemingly parity-breaking cosmological signal can
arise from parity-conserving physics.
The cosmic microwave background (CMB) is linearly
polarized as a consequence of the anisotropic Thomson
scattering of CMB photons that arises at linear order
in the amplitude of cosmological perturbations [1]. This
Thomson scattering does not, however, induce circular
polarization. Recent work has shown that circular po-
larization can be generated, from primordial perturba-
tions through post-recombination photon-photon scat-
tering [2–7], at second order in the density-perturbation
amplitude. Still, the mean value of the circular polariza-
tion, when averaged over the sky, is predicted to be zero.
Since a nonzero circular polarization implies a particular
handedness, the absence of a uniform circular polariza-
tion can be seen as a consequence of the absence of parity
breaking in primordial density perturbations.
Here we show that a uniform circular polarization can
arise if parity is broken in the form of a chiral primor-
dial gravitational-wave (GW) background. Chiral GWs
may arise if, for example, there is a Chern-Simons cou-
pling of the inflaton to gravity [8], from gravity at a Lif-
shitz point [9], graviton self-couplings [10, 11], gauge-
flation and chromo-natural inflation [12–15], Holst grav-
ity [16], and in models that connect leptogenesis to pri-
mordial gravitational waves [17, 18]. The circular polar-
ization arises through interactions of linearly polarized
CMB photons with CMB anisotropies along the line of
sight to the surface of last scatter. The correlation be-
tween the photon anisotropy induced by the gravitational
wave and the primordial linear polarization also induced
by the gravitational wave leads, if the GW background
is chiral, to a uniform circular polarization.
We also show, however, that a uniform circular po-
larization can arise as a statistical fluctuation—a cosmic
variance—if the stochastic GW background is not chi-
ral. Even if the expected value is zero, there will be
some variation, in any given realization of the GW back-
ground, in the amplitudes of the right- and left-handed
gravitational waves. The theory predicts that the uni-
form circular polarization V00 (where the 00 indices in-
dicate the l = 0,m = 0 spherical-harmonic coefficient of
the circular-polarization pattern) is selected from a dis-
tribution centered on V00 = 0 but with nonzero variance.
As we show, though, such a nonzero value for the uni-
form circular polarization cannot arise from primordial
density perturbations, and so a nonzero uniform value
would indicate a GW background, even if not necessarily
chiral.
Although the circular polarization induced by GWs
has been discussed in terms of the photon-graviton scat-
tering [19], we focus on the circular polarization in-
duced through photon-photon scattering. This work
builds upon a detailed analysis presented in Ref. [20]
of the circular polarization induced by GWs. That
work builds upon a re-calculation [21], obtained with
the TAM formalism [22, 23], of circular polarization in-
duced by photon-photon scattering, in Ref. [7], which
itself extends several earlier analyses [2–4, 6] of this ef-
fect. Note that the circular polarization induced through
the photon-photon scattering is much larger than that
induced through the photon-graviton scattering [20].
As discussed in that earlier work, circular polarization
is induced through Faraday conversion as a linearly po-
larized light ray propagates through a medium with an
anisotropic index-of-refraction tensor. The circular po-
larization V (nˆ) in direction nˆ is
V (nˆ) = ǫacP
ab(nˆ)Φ cb (nˆ). (1)
Here,
Pab(nˆ) =
1√
2
(
Q(nˆ) U(nˆ)
U(nˆ) −Q(nˆ)
)
, (2)
is the polarization tensor, whose components are the
2Stokes parameters Q(nˆ) and U(nˆ), and
Φab(nˆ) =
1√
2
(
φQ(nˆ) φU (nˆ)
φU (nˆ) −φQ(nˆ)
)
, (3)
is a phase-shift tensor that describes the phase shifts in-
duced by the index-of-refraction tensor. These are ob-
tained as line-of-sight integrals,
φQ,U (nˆ) =
2
c
∫ χLSS
0
dχ
1 + z
ω(χ)nQ,U (nˆχ), (4)
where z is redshift and χLSS the comoving distance to the
last-scattering surface. Here, nQ and nU are components,
in a plane transverse to the line of sight, of the index-of-
refraction tensor,
nab = δab+
1
2
(χe,ab+χm,ab) =
(
nI + nQ nU + inV
nU − inV nI − nQ
)
.
(5)
Finally, ǫab is the antisymmetric tensor on the 2-sphere.
The polarization and phase-shift tensors can both be
expanded,
Pab(nˆ) =
∑
lm
[
PElmY
TE
(lm)ab(nˆ) + P
B
lmY
TB
(lm)ab(nˆ)
]
, (6)
Φab(nˆ) =
∑
lm
[
ΦElmY
TE
(lm)ab(nˆ) + Φ
B
lmY
TB
(lm)ab(nˆ)
]
, (7)
in terms of tensor spherical harmonics Y TE(lm)ab(nˆ) and
Y TB(lm)ab(nˆ) [24–26]. The expansion coefficients in Eqs. (6)
and (7) are random variables chosen from a distribu-
tion of zero mean and variances CXXl =
〈
|Xlm|2
〉
for
X = PE, PB,ΦE ,ΦB. In the absence of parity break-
ing, there are, moreover, cross-correlations CP
EΦE
l and
CP
BΦB
l . If there is no parity breaking, then there is
no cross-correlation between the E modes and the B
modes—the two have opposite parity and any cross-
correlation would imply a preferred handedness. Expres-
sions for all the power spectra CXYl are given as integrals
over the primordial gravitational-wave power spectra in
Ref. [20].
The coefficients Vlm =
∫
dnˆV (nˆ)Y ∗lm(nˆ) in the
spherical-harmonic expansion of the circular polarization
can be expressed in terms of Plm and Φlm as [20]
Vlm =
∑
l1m1l2m2(odd)
(
PEl1m1Φ
E
l2m2(iG
l−m
l1m1l2m2
)
+PBl1m1Φ
B
l2m2(iG
l−m
l1m1l2m2
)
)
+
∑
l1m1l2m2(even)
(
PEl1m1Φ
B
l2m2(−Gl−ml1m1l2m2)
−PBl1m1ΦEl2m2(−Gl−ml1m1l2m2)
)
,
(8)
where the subscripts (odd) and (even) indicate summa-
tions over l1 + l2 + l = odd and l1 + l2 + l = even, re-
spectively. Here Glml1m1l2m2 = −ξlml1 −m1,l2m2H ll1l2 , where
ξlml1 m1,l2m2 and H
l
l1l2
are defined in terms of Wigner 3-j
symbols as
ξlml1m1l2m2 ≡ (−1)m
√
(2l1 + 1)(2l + 1)(2l2 + 1)
4π
(
l1 l l2
−m1 m m2
)
,
(9)
H ll1l2 ≡
(
l1 l l2
2 0 −2
)
. (10)
In Ref. [20] we considered anisotropies in the circular
polarization and found that the circular polarizations in-
duced by density (scalar metric) perturbations are much
larger than those induced by tensor perturbations. How-
ever, scalar perturbations induce no uniform circular po-
larization V00. We therefore focus here on V00, as it pro-
vides a clean signature of tensor perturbations. Setting
l = m = 0 and taking G00l1m1l2m2 = δl1l2δ−m1m2/
√
4π, we
express the uniform circular polarization as
V00 =
1√
4π
∑
lm
(
PElmΦ
B ∗
lm − PBlmΦE ∗lm
)
. (11)
Taking the expectation value, over all realizations of met-
ric perturbations, we find,
〈V00〉 = 1√
4π
∑
lm
(
CP
EΦB
l − CP
BΦE
l
)
. (12)
Through calculations that parallel those in Ref. [20] and
lead to the power spectrum CP
EΦB
l induced by photon-
photon scattering, we infer power spectra,
CP
EΦB
l = 4πA
∫
dk
k
2
(
k3
2π2
P (TE,TB)(k)
)
×
∫ η0
0
dη g(η)
(
−
√
6P(2)(k, η)
)
ǫ
(2)
l (k(η0 − η))
×
∫ η0
ηlss
dη (1 + z)4
(
a¯E2,2(k, η)
)
β
(2)
l (k(η0 − η)).
(13)
The coefficient A is inferred from the Euler-Heisenberg
Lagrangian and provided in Ref. [7]. The second and
third lines in Eq. (13) represent the transfer functions of
PE and ΦB respectively. In particular, g(η) is the visi-
bility function, P(2) is the function defined in Ref. [27],
a¯E2,2 is the transfer function of the local E-mode moment
induced by primordial perturbations, and ǫ
(2)
l and β
(2)
l
are the radial functions coming from the nature of the E-
mode and B-mode respectively (see Ref. [28] for detail).
Here, P (TE,TB)(k) is defined as the power spectrum for
the cross-correlation between the amplitudes hk,TE(lm) and
hk,TB(lm) ,
〈
hk,TE(lm)
(
hk
′,TB
(lm)
)∗〉
= i
(2π)3
k2
δ(k − k′)P (TE,TB), (14)
where hk,TE(lm) and h
k,TB
(lm) are the TE and TB modes in the
TAM decomposition for the transverse-traceless metric
3perturbation. The i in Eq. (14) is canceled out by the i in
front of β
(2)
l in Eq. (41) in Ref. [20]. C
PBΦE
l are also given
by the same equation except for ǫ
(2)
l ↔ β(2)l . The TE and
TB modes have opposite parity, and so any nonzero cor-
relation between them indicates parity breaking. Such a
cross-correlation arises if parity is broken by a disparity
in the amplitudes of the right- and left-circularly polar-
ized gravitational waves. This can be seen by writing the
amplitudes,
hk,±(lm) =
1√
2
(
hk,TE(lm) ∓ i hk,TB(lm)
)
, (15)
for the ± (R and L) helicity-basis TAM waves (cf.,
Eq. (14) in Ref. [20]). Following Ref. [29], we define the
chirality parameter ∆χ through P±(k) = (1∓∆χ)PT (k),
where PT (k) is the primordial GW power spectrum, and
P+ and P− correspond to PR and PL in Ref [29], respec-
tively. From this and Eq. (15), it follows that
P (TE,TB)(k) = ∆χPT (k). (16)
As a result, we find by numerical evaluation the uni-
form circular polarization, normalized by the physical
units TCMB = 2.7255K [30], to be
〈V00〉 =
∑
l
2l + 1√
4π
(CP
EΦB
l − CP
BΦE
l )
≃ 2.6× 10−17∆χ
( r
0.06
)
, (17)
for a gravitational-wave background with tensor-to-scalar
ratio r (. 0.06 [31, 32]) and chirality parameter ∆χ. This
numerical result is obtained assuming a scale-invariant
power spectrum and chirality. Although the analysis of
a non-scale-invariant spectrum is beyond the scope of
this paper, we do not expect any qualitative difference
for non-scale-invariant spectra consistent, at the relevant
length scales, with observational constraints.
So far, we have calculated the expectation value for
V00. However, the observed value of the circular polar-
ization arises as the result of a single realization of a
random field. The prediction is thus that V00 is selected
from a random distribution, with some nonzero variance〈
(∆V00)
2
〉
=
〈
V 200
〉 − 〈V00〉2, with an expectation value
〈V00〉. Note that, in the absence of the parity breaking,〈
(∆V00)
2
〉
=
〈
V 200
〉
is satisfied. From Eq. (11), we find,
〈
(∆V00)
2
〉
=
∑
l
2l+ 1
4π
(
CP
EPE
l C
ΦBΦB
l + C
PBPB
l C
ΦEΦE
l
− 2CPEΦEl CP
BΦB
l
+
(
CP
EΦB
l
)2
+
(
CP
BΦE
l
)2
− 2CPEPBl CΦ
EΦB
l
)
.
(18)
There are contributions—those in the first and second
lines—that arise even in the absence of parity breaking
(while those that arise from parity-breaking physics are
listed in the third line). Thus, the observed Universe can
have a uniform circular polarization as a consequence of
a parity-breaking realization of scalar and tensor metric
perturbations, even in the absence of parity breaking in
the underlying physics (in analogy to spontaneous sym-
metry breaking in particle theory). Such a possibility
does not arise if there are only density perturbations (and
thus only E-mode polarization and index-of-refraction
tensor); a uniform circular polarization requires tensor
perturbations (and thus B modes). As a result, we find
numerically,
〈
(∆V00)
2
〉1/2 ≃ 1.5× 10−18 ( r
0.06
)1/2
. (19)
Comparing Eq. (19) with Eq. (17), we see that the chiral-
ity parameter must be ∆χ & 0.12(r/0.06)−1/2 if detec-
tion of a uniform circular polarization can be attributed,
at the 2σ level, to a chiral GW background. Although
detection of a nonzero uniform circular polarization with
V00 . 3 × 10−18 (r/0.06)1/2 would not necessarily indi-
cate a chiral GW background, it would still indicate the
presence of tensor (or perhaps vector) perturbations. It
is interesting to understand why the uniform circular po-
larization 〈V00〉 for maximal chirality (∆χ = 1) is roughly
20 times the root-variance
〈
(∆V00)
2
〉1/2
in the absence of
any chirality. To do so, we first note that the numerical
result in Eq. (17) arises from Faraday conversion by GWs
of a primordial linear polarization that is also induced by
GWs, while the variance in Eq. (19) arises primarily from
Faraday conversion by GWs of primordial linear polariza-
tion induced by density perturbations (and vice versa).
The contribution to the variance from Faraday conver-
sion of GW-induced linear polarization by GWs turns
out to be
〈
(∆V00)
2
〉1/2 ≃ 1.5 × 10−19(r/0.06) (smaller
by ∼ 10 given that the relevant primordial linear polar-
ization induced by GWs is ∼ 0.1 times that induced by
density perturbations for r ∼ 0.1). If ∼ Ngw GW modes
are contributing to the signal, then we expect, on aver-
age, Ngw/2 to be right handed and a similar number left
handed. Still, there will be root-N fluctuations in both
signals from right-handed and left-handed GWs in any
given realization of a non-chiral GW background, imply-
ing a variance ∼ N−1/2gw times the expectation value in
the maximally-chiral case. From the numbers reported
above, this suggests Ngw ∼ 104, or that the uniform cir-
cular polarization is (given that there are 2l + 1 modes
for each l) dominated by GW modes with multipole mo-
ments l . 100. We have verified numerically that this is
the case.
In practice, these values of the circular polarization
are too small to be detected in the foreseeable future.
Still, the result is a proof of principle that gravitational-
wave chirality can be imprinted in the chirality of the
cosmic microwave background. Measurement of the cir-
cular polarization would, in the event of detection of a
non-zero EB correlation in the CMB polarization, help
distinguish a chiral-GW explanation [33] for such an ef-
fect [8, 29, 34] from cosmic birefringence. It would also
4complement probes of the GW chirality at nanoHertz
frequencies [35] and at LIGO/LISA frequencies [36, 37].
We thank Daniel Green for useful discussion. K.I.
is supported by World Premier International Research
Center Initiative (WPI Initiative), MEXT, Japan, Ad-
vanced Leading Graduate Course for Photon Science,
and JSPS Research Fellowship for Young Scientists, and
thanks Johns Hopkins University for hospitality. This
work was supported at Johns Hopkins by NASA Grant
No. NNX17AK38G, NSF Grant No. 1818899, and the
Simons Foundation.
[1] M. J. Rees, “Polarization and spectrum of the primeval
radiation in an anisotropic Universe,” Astrophys. J. 153,
L1 (1968).
[2] I. Motie and S. S. Xue, “Euler-Heisenberg lagrangian and
photon circular polarization,” EPL 100, no. 1, 17006
(2012) [arXiv:1104.3555 [hep-ph]].
[3] R. F. Sawyer, “Photon-photon interactions can be a
source of CMB circular polarization,” arXiv:1408.5434
[astro-ph.CO].
[4] D. Ejlli, “Magneto-optic effects of the cosmic mi-
crowave background,” Nucl. Phys. B 935, 83 (2018)
[arXiv:1607.02094 [astro-ph.CO]].
[5] S. Shakeri, S. Z. Kalantari and S. S. Xue,
Phys. Rev. A 95, no. 1, 012108 (2017)
doi:10.1103/PhysRevA.95.012108 [arXiv:1703.10965
[hep-ph]].
[6] M. Sadegh, R. Mohammadi and I. Motie, “Generation
of circular polarization in CMB radiation via nonlin-
ear photon-photon interaction,” Phys. Rev. D 97, no.
2, 023023 (2018) [arXiv:1711.06997 [astro-ph.CO]].
[7] P. Montero-Camacho and C. M. Hirata, “Exploring circu-
lar polarization in the CMB due to conventional sources
of cosmic birefringence,” JCAP 1808, no. 08, 040 (2018)
[arXiv:1803.04505 [astro-ph.CO]].
[8] A. Lue, L. M. Wang and M. Kamionkowski, “Cosmologi-
cal signature of new parity violating interactions,” Phys.
Rev. Lett. 83, 1506 (1999) [astro-ph/9812088].
[9] T. Takahashi and J. Soda, “Chiral primordial gravita-
tional waves from a Lifshitz point,” Phys. Rev. Lett. 102,
231301 (2009) [arXiv:0904.0554 [hep-th]].
[10] J. M. Maldacena and G. L. Pimentel, “On graviton non-
Gaussianities during inflation,” JHEP 1109, 045 (2011)
[arXiv:1104.2846 [hep-th]].
[11] M. M. Anber and L. Sorbo, “Non-Gaussianities and
chiral gravitational waves in natural steep inflation,”
Phys. Rev. D 85, 123537 (2012) [arXiv:1203.5849 [astro-
ph.CO]].
[12] A. Maleknejad, M. M. Sheikh-Jabbari and J. Soda,
“Gauge fields and inflation,” Phys. Rept. 528, 161 (2013)
[arXiv:1212.2921 [hep-th]].
[13] P. Adshead, E. Martinec and M. Wyman, “Gauge fields
and inflation: Chiral gravitational waves, fluctuations,
and the Lyth bound,” Phys. Rev. D 88, no. 2, 021302
(2013) [arXiv:1301.2598 [hep-th]].
[14] I. Obata and J. Soda, “Chiral primordial gravitational
waves from dilaton induced delayed chromonatural in-
flation,” Phys. Rev. D 93, no. 12, 123502 (2016) Ad-
dendum: [Phys. Rev. D 95, no. 10, 109903 (2017)]
[arXiv:1602.06024 [hep-th]].
[15] J. Bielefeld and R. R. Caldwell, “Chiral imprint of a cos-
mic gauge field on primordial gravitational waves,” Phys.
Rev. D 91, no. 12, 123501 (2015) [arXiv:1412.6104 [astro-
ph.CO]].
[16] C. R. Contaldi, J. Magueijo and L. Smolin, “Anoma-
lous CMB polarization and gravitational chirality,” Phys.
Rev. Lett. 101, 141101 (2008) [arXiv:0806.3082 [astro-
ph]].
[17] S. H. S. Alexander, M. E. Peskin and M. M. Sheikh-
Jabbari, “Leptogenesis from gravity waves in models
of inflation,” Phys. Rev. Lett. 96, 081301 (2006) [hep-
th/0403069].
[18] H. Abedi, M. Ahmadvand and S. S. Gousheh, “Elec-
troweak baryogenesis via chiral gravitational waves,”
Phys. Lett. B 786, 35 (2018) [arXiv:1805.10645 [hep-ph]].
[19] N. Bartolo, A. Hoseinpour, G. Orlando, S. Matarrese and
M. Zarei, “Photon-graviton scattering: A new way to
detect anisotropic gravitational waves?,” Phys. Rev. D
98, no. 2, 023518 (2018) [arXiv:1804.06298 [gr-qc]].
[20] K. Inomata and M. Kamionkowski, “Circular polariza-
tion of the cosmic microwave background from vector and
tensor perturbations,” Phys. Rev. D 99, no. 4, 043501
(2019) [arXiv:1811.04957 [astro-ph.CO]].
[21] M. Kamionkowski, “Circular polarization in a spheri-
cal basis,” Phys. Rev. D 97, no. 12, 123529 (2018)
[arXiv:1804.06412 [astro-ph.CO]].
[22] L. Dai, M. Kamionkowski and D. Jeong, “Total angular
momentum waves for scalar, vector, and tensor fields,”
Phys. Rev. D 86, 125013 (2012) [arXiv:1209.0761 [astro-
ph.CO]].
[23] L. Dai, D. Jeong and M. Kamionkowski, “Wigner-Eckart
theorem in cosmology: Bispectra for total-angular-
momentum waves,” Phys. Rev. D 87, no. 4, 043504
(2013) [arXiv:1211.6110 [astro-ph.CO]].
[24] M. Kamionkowski, A. Kosowsky and A. Stebbins,
“Statistics of cosmic microwave background polariza-
tion,” Phys. Rev. D 55, 7368 (1997) [astro-ph/9611125].
[25] M. Zaldarriaga and U. Seljak, “An all sky analysis of
polarization in the microwave background,” Phys. Rev.
D 55, 1830 (1997) [astro-ph/9609170].
[26] M. Kamionkowski and E. D. Kovetz, “The quest for B
modes from inflationary gravitational waves,” Ann. Rev.
Astron. Astrophys. 54, 227 (2016) [arXiv:1510.06042
[astro-ph.CO]].
[27] T. Tram and J. Lesgourgues, “Optimal polarisation equa-
tions in FLRW universes,” JCAP 1310, 002 (2013)
[arXiv:1305.3261 [astro-ph.CO]].
[28] W. Hu and M. J. White, “CMB anisotropies: Total an-
gular momentum method,” Phys. Rev. D 56, 596 (1997)
[astro-ph/9702170].
[29] V. Gluscevic and M. Kamionkowski, “Testing parity-
violating mechanisms with cosmic microwave back-
ground experiments,” Phys. Rev. D 81, 123529 (2010)
[arXiv:1002.1308 [astro-ph.CO]].
[30] D. J. Fixsen, “The Temperature of the Cosmic Mi-
crowave Background,” Astrophys. J. 707, 916 (2009)
[arXiv:0911.1955 [astro-ph.CO]].
5[31] N. Aghanim et al. [Planck Collaboration], “Planck 2018
results. VI. Cosmological parameters,” arXiv:1807.06209
[astro-ph.CO].
[32] P. A. R. Ade et al. [BICEP2 and Keck Array Collabo-
rations], “BICEP2 / Keck Array X: Constraints on pri-
mordial gravitational waves using Planck, WMAP, and
new BICEP2/Keck observations through the 2015 sea-
son,” [arXiv:1810.05216 [astro-ph.CO]].
[33] S. Saito, K. Ichiki and A. Taruya, “Probing polariza-
tion states of primordial gravitational waves with CMB
anisotropies,” JCAP 0709, 002 (2007) [arXiv:0705.3701
[astro-ph]].
[34] A. Ferte´ and J. Grain, “Detecting chiral gravity with the
pure pseudospectrum reconstruction of the cosmic mi-
crowave background polarized anisotropies,” Phys. Rev.
D 89, no. 10, 103516 (2014) [arXiv:1404.6660 [astro-
ph.CO]].
[35] W. Qin, K. K. Boddy, M. Kamionkowski and L. Dai,
“Pulsar-timing arrays, astrometry, and gravitational
waves,” arXiv:1810.02369 [astro-ph.CO].
[36] N. Seto and A. Taruya, “Measuring a parity violation
signature in the early Universe via ground-based laser
interferometers,” Phys. Rev. Lett. 99, 121101 (2007)
[arXiv:0707.0535 [astro-ph]].
[37] T. L. Smith and R. R. Caldwell, “Sensitivity to a
frequency-dependent circular polarization in an isotropic
stochastic gravitational wave background,” Phys. Rev. D
95, no. 4, 044036 (2017) [arXiv:1609.05901 [gr-qc]].
